Abstract: Polarization division multiplexing (PDM) doubles the bitrate of flexible transponders, whereas the joint effects of fast state of polarization (SOP) rotations, first-order polarization mode dispersion (PMD), and second-order PMD (SOPMD) would severely degrade the system performance. In this paper, we propose and experimentally validate a novel dynamic polarization demultiplexing scheme using extended Kalman filter (EKF) in digital signal processing of flexible receivers. The idea comes from two-stage PMD compensator in optical domain to perform SOP tracking and equalization of first-order PMD and SOPMD. After parameters optimization of EKF, the scheme can track up SOP rotations more than 35 times and 50 times faster than that of constant modulus algorithm (CMA) and CMA/multiple modulus algorithm (MMA), respectively. More importantly, when SOP keeps a fast rotation of 1.00, 10.00, or 20.02 Mrad/s, the system tolerances of first-order PMD and SOPMD that the joint scheme achieves are 28.57 ps and 793 ps 2 for 28 GBaud PDM-QPSK at optical signal-to-noise rate (OSNR) of 17 dB, and 50 ps and 4836 ps 2 for 10 GBaud PDM-16 quadratic-amplitude modulation (QAM) at OSNR of 23 dB, respectively. In addition, the proposed scheme has a fast convergence speed of about 50 symbols (equal to 5 ns). The calculation complexities of each symbol that the proposed scheme consumes are just about 44% of CMA for PDM-QPSK, and 31% of CMA/MMA for PDM-16 QAM.
Introduction
As we know, the Internet traffic is increasing exponentially, which is driven by cloud computing, video on demand (VOD) and global mobile data. In order to take full advantage of the limited bandwidth of fiber channel, the optical communication backbone networks are evolving from static point-to-point link with a fixed grid to smart and programmable elastic optical networks (EONs) [1] . As a promising way to improve the network resource utilization, EON will possess a finer grid (e.g., 12.5 GHz or 6.25 GHz frequency granularity), adaptively adjustable modulation formats, and flexible baud rates according to the transmission distance and fiber link conditions. Up to now, the flexible superchannel transponder has become one of the key EON enabling technologies [2] , for the reason that it adopts polarization division multiplexing (PDM), high-order modulation and advanced DSP technologies of coherent detection to exploit the potential capacity of each dimension of optical carrier. Besides, the flexible transponder supports the adaptive reconfiguration of modulation formats and bandwidth in order to realize the balance among transmission distance, spectrum efficiency and robustness on a given link optical signal-to-noise rate (OSNR) budget [3] . Reference [4] has reported a real-time trial using a 400 Gb/s rate-adaptive flexible grid transponder, with a spectral efficiency of 5.33 b/s/Hz. Alternatively, an elastic optical interface with a controller has realized the output bitrate varying from 10.7 to 107 Gbit/s based on PDM-QPSK format [5] . Moreover, a single-carrier 60 Gbaud sliceable bandwidth variable transponder (SBV-T) and 64 GBaud flexible transponder have been successfully applied in flexible-grid links [6] , [7] .
Along with these developments, we should notice that all these flexible transponders take advantage of PDM-QPSK or PDM-16 QAM modulation formats, for the reason that PDM technology exploits two perpendicular polarizations of optical carrier to double the transmission bitrate. Nevertheless, the negative impact should not be ignored that the EON system becomes very sensitive to polarization-related impairments, such as polarization dependent loss (PDL), fast rotations of state of polarization (SOP) and polarization mode dispersion (PMD), among which, relatively speaking, PDL can be seen as a static channel impairment, which can be compensated by removing the shift of the gravity center of all points of received symbols in Stokes space [8] . Both SOP and PMD are classified as dynamic channel impairments, whose equalizations are still challenging. Maximal SOP changes of 45,000 rotations/second have been observed along the transmission links [9] . PMD, which is caused by the crosstalk between two used polarization tributaries for PDM system [10] , is a vector whose magnitude equals to the differential group delay (DGD) between slow and fast principal states of polarizations (PSPs), and its direction points to the slow PSP [11] . Current PMD compensation in electric DSP process mainly focuses on the DGD compensation and omits higher-order PMD, such as SOPMD. However, the SOPMD also makes severe distortion to the transmission signals. If we only consider first-order PMD and omit SOPMD, the PMD tolerance of PDM-EON system will be overestimated by 10-20% [12] . More importantly, SOP of the fiber is strongly connected to the orientation of PSPs, which means effects of rotation of SOP and PMD are jointly appeared in fibers. On one hand, the changes of temperature, mechanical stresses and lightning in external environment cause the fast rotations of SOP which lead to the PSP changes as fast as 2 Mrad/s [13] . On the other hand, the higher PMD values present faster drift on the output SOP [14] . In addition, the dynamic polarization demultiplexing (Pol-DeMUX) process of flexible receivers requires that the joint equalization algorithm must converge quickly to be suitable for the fast hardware reconfiguration time (<450 μs) of flexible transponder and the wavelength switching time (<150 ns) to establish a wavelength on demand service [5] , [15] , [16] .
The conventional joint equalization algorithms, such as constant modulus algorithm (CMA) and multiple modulus algorithm (MMA), suffer from the singularity problem and cannot track up SOP change as fast as several Mrad/s [17] . In addition, slow convergence speed of CMA and MMA are intolerable for the fast reconfiguration scenario of flexible receivers. Another alternative scheme is to adaptively track up the normal vector of the fitting plane of sample points for polarization tracking [18] , whereas its potential problem lies in the fact that PMD would cause the fitting failure of the plane of sampling points in Stokes space. Recently, Kalman filter, a well-known recursive algorithm for unknown parameters tracking in time-varying system, has been successfully applied in polarization demultiplexing. According to the used Kalman filters, these schemes can be mainly classified into three types: radius-directed linear Kalman filter (RD-LKF), extended Kalman filter (EKF) and unscented Kalman filter (UKF). RD-LKF can find the optimal parameters of linear systems, and be successfully applied in fast SOP tracking [19] , [20] . In contrast, EKF which is specially designed for the parameters tracking of nonlinear dynamic system, has been widely exploited in one or some aspects of the equalization, such as polarization tracking [21] - [23] , first-order PMD compensation [22] , [23] , frequency offset estimation [24] , carrier phase tracking [25] - [27] and nonlinear channel impairments mitigation [24] , [28] . In order to obtain a higher estimation accuracy, UKF captures all the moments of unknown parameters for SOP tracking and phase noise mitigation [29] , [30] , with an expense of higher computation complexity. Nevertheless, these algorithms have not considered the joint equalization of fast SOP rotations, first-order PMD and SOPMD.
In this paper, we propose and experimentally validate a novel dynamic polarization demultiplexing scheme of SOP, first-order PMD and SOPMD based on a two-stage compensation matrix for flexible receivers. At first, the operating principle of the proposed scheme is demonstrated in detail in Section 2. Next, we discuss the updating process of unknown parameters based on EKF. Furthermore, in Section 3, on the basis of EKF parameters optimization, the efficacies of SOP tracking, PMD compensation and joint equalization of SOP, first-order PMD and SOPMD utilizing this scheme have been validated by PDM-QPSK and PDM-16 QAM formats step by step. After that, the convergence speed and calculation complexity of the proposed scheme have also been analyzed. Finally, a conclusion is made in Section 4.
Principle of Joint Equalization of SOP and PMD up to Second-Order

The Model of Optical Fiber Channel
We assume that the signals transmitted in optical fiber will meet the fiber channel impairments including fiber loss, amplified spontaneous emission (ASE) noise raised in erbium-doped fiber amplifier (EDFA), chromatic dispersion (CD), rotation of SOP, PMD, frequency offset, and phase noise. Therefore, after coherent receiving and digital sampling, the received digital signal r(k) of a typical flexible receiver can be expressed as:
where k is the digital sample index, j, α, ω, β 2 , L are the imaginary unit, attenuation factor, optical carrier angular frequency, CD coefficient and fiber length respectively, F {} and F −1 {} denote fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT), respectively, R and J represent the PMD transmission matrix and the time-varying Jones matrix caused by SOP, respectively,
T denotes the transmitted symbols, ω, θ(k) and n(k) represent the frequency offset between the transmitter laser and local oscillator, the phase noise corresponding to laser linewidth, and the ASE noise induced by EDFA, respectively. The SOP rotation Jones matrix J of formula (1) can be denoted as [22] :
where β, γ represent the azimuth angle and the phase difference angle of SOP, respectively. Generally, we use a vector in Stokes space τ = τp to represent the first-order PMD, in which τ is the differential group delay, andp is the unit vector representing the direction of slow PSP. Additionally, τ ω is used to represent the SOPMD vector which can be regarded as a superposition of its two orthogonal component vectors, one is called the polarization-dependent chromatic dispersion (PCD) component τ ωp and the other is depolarization component τp ω .p ω is often called as PSP rotation rate (PSPrr). For the reason that the PCD component is statistically the smaller component of SOPMD which makes less impairment to the system, while depolarization component is statistically larger component and it is the dominant impairment to the system [31] , if SOPMD has to be coped with, we usually focus on the equalization of depolarization component. On the above basis, the PMD transmission matrix R of the formula (1) that includes the first-order PMD and depolarization component of SOPMD can be expressed by [32] : where τ denotes DGD and ω denotes the angular frequency detuning off the optical carrier.
The Joint Equalization Scheme of SOP Tracking and PMD Compensation
Actually, fiber loss can be equalized by EDFA in each fiber span, and CD can be equalized using the static equalization method in frequency domain. Because these two kinds of equalization belong to static impairments and this paper only focuses on dynamic impairments induced by rotations of SOP and PMD, we assume that the effects of fiber loss and CD have already been equalized. As mentioned above, in Stokes space PMD is a vector τ = τp , including both its magnitude of DGD τ and its direction of PSPp . Also the rapid SOP rotations seriously affect the orientation of PSPs. This fast changes of SOP and PMD make failures of conventional Multiple-Input MultipleOutput (MIMO) methods, such as CMA and MMA, and hence we must find another method to deal with this kind of fast tracking.
In the direct-detection system, dynamic compensation for PMD and SOP can be achieved by multi-stage concatenated compensator [33] , in which each stage includes one polarization controller (PC) and one time-delay line with three adjusted parameters (two for PC and one for time-delay line). It is known that one-stage PMD compensator can compensate only for first-order PMD. Twostage compensator, which is shown in Fig. 1(a) , can compensate PMD up to second-order including the first-order PMD and the depolarization component of SOPMD, and three-stage compensator can compensate for both the first and second-order PMD. Generally, we often take two-stage for the sake of the trade-off between performance and complexity.
We borrow the idea of two-stage optical compensator for the equalization of SOP rotations and PMD up to second-order in the digital domain of coherent PDM-EON system. In this scheme, we take 2 × 2 matrices to represent the effects of polarization elements, for example the matrix (
) is applied to simulate the function of time-delay line, where ϕ = ω τ is the phase retardation induced by τ. The polarization controller can be regarded as a cascade of one rotator and one retarder whose matrices are denoted as ( ), respectively. Here α denotes the rotation angle and δ is the phase retardation angle. In this scheme, we propose a 2 × 2 MIMO DSP scheme to complete the dynamic Pol-DeMUX and PMD compensation of the coherent system. The scheme consists of a cascade of 2 × 2 matrices representing a virtual structure of "Rotator1(α 1 ) + Retarder1(δ 1 ) + Delay Line1(ϕ 1 ) + Rotator2(α 2 ) + Retarder2(δ 2 ) + Delay Line2(ϕ 2 )", which is equivalent to a two-stage PMD compensator.
For the optical PMD compensator in the single polarization direct-detection system, degree of polarization (DOP) is used as a feedback signal to track PMD variations. While for coherent PDM system, DOP cannot be feedback signal again because DOP is a constant of zero for orthogonal dual polarization signals. As mentioned above, Kalman filter offers a state space and a measurement space to implement the equalization more flexibly. Accordingly Kalman filter is adopted in this scheme, we use (α 1 , δ 1 , ϕ 1 , α 2 , δ 2 , ϕ 2 ) as the state vector in state space, and take X, Y constellation planes as the measurement space to catch up with the fast change of SOP and PMD.
In order to explain why a two-stage compensator can compensate the fast SOP rotations, first and second-order PMD simultaneously, let τ f = τ fp f denote the first-order PMD of the fiber, τ ωf = τ fp ωf denotes the depolarization component of second-order PMD, A ∝ ϕ 1 and B ∝ ϕ 2 are the compensating vectors corresponding to the first and second stage of the compensator, respectively. Then A and B can be adjusted properly to make the following two equations be satisfied simultaneously:
In Fig. 1 (b) we set up a space with its three orthogonal unit vector bases as (p f ,p ωf ,p f ×p ωf ). It is observed that the first-order PMD vector τ f lies along the axis ofp f , and second-order PMD vector τ fp ω (only consider depolarization component) lies along the axis ofp ωf . If we adjust A and B properly in (p f ,p ωf ) plane so that A + B = − τ f and A × B = − τ fp ωf are satisfied, note that here ( A + B ) × τ f = 0, accordingly the SOP rotations, first-order PMD and SOPMD can be compensated simultaneously.
As a result, the proposed joint scheme in the DSP process of flexible receiver is illustrated in Fig. 2 .
According to Fig. 2 , the output U(k) of the proposed joint scheme can be calculated by:
where M c1 and M c2 represent the Jones transformation matrix in the first and second stage of the scheme, respectively. The unknown real values of α 1 , δ 1 , ϕ 1 , α 2 , δ 2 and ϕ 2 denote the adjustable angles of virtual rotator, retarder and phase delay within each stage, respectively.
The Parameters Updating by Extended Kalman Filter
Considering the tradeoff between performance and computation complexity, according to formula (6) , an extended Kalman filter is applied in this nonlinear mathematical model to track and update the state vector symbol by symbol. Fig. 3 illustrates the updating process of the state vector by EKF. We assume that the observation vector is r = [r x , r y ] T , where superscript (·) T represents the transpose operation, and the tracked state vector is denoted
. At first, r(k) and T(k) at time instance k are substituted into formula (6) to calculate the equalized output U(k). Based on the principle that, after the dynamic polarization demultiplexing, the ideal constellation diagram of M-QAM formats would converge to one (QPSK) or several rings (QAM) in the presence of laser linewidth and frequency offset, the used measurement model of EKF is constructed as follows:
where L is the total number of rings, and R adi us i represents the radius of the ith ring in the ideal constellation diagram of M-QAM format. In essence, this proposed measurement model can be suitable for any m-QAM format and has a good immunity to laser frequency offset and phase noise. Secondly, according to the used measurement model, the measurement matrix C(k) can be approximated using partial derivatives of Jacobian form, which is expressed by [34] :
After that, the innovation vector α(k), Kalman gain G(k) and the error correlation matrix K(k) in T(k|r k ) are updated by:
where Q 2 (k) is the correlation matrix of measurement noise and I is a unitary matrix. Finally, the error correlation matrix K(k + 1, k) and the estimated state vectorT(k + 1|r k ) for the next time instance k + 1 are calculated by:
where F(k + 1, k) is the transition matrix, Q 1 (k) represents the correlation matrix of process noise. After a delay of time instance, the obtained state vectorT(k|r k−1 ) and the error correlation matrix K(k, k − 1) are applied for the next recursion of EKF process. 
Experimental Results
Experimental Setup
In order to verify the feasibility of the proposed scheme for the joint equalization of SOP, first-order PMD and SOPMD, we have constructed 28 GBaud PDM-QPSK and 10 GBaud PDM-16 QAM experiments based on a flexible EON transmitter, whose detailed setup is shown in Fig. 4 . External cavity lasers (ECLs) with linewidth of 100 kHz are utilized as the transmitter and local oscillator (LO) lasers, and the central wavelengths are both set at 1550 nm. An arbitrary waveform generator (AWG) with a maximal sampling rate of 65 GS/s outputs 4 radio frequency (RF) signals to drive 4 ports of PDM in-phase and quadrature-phase (IQ) modulators, so the PDM-M-QAM optical signals can be generated. According to the fiber link conditions, the baud rate and modulation format of RF signals can be quickly adjusted by a computer in order to simulate the dynamic scenario of EON. Moreover, an optical modulation generator software of Keysight 81195 A inserted in DSP of AWG is used to simulate the endless SOP rotations and PMD variations by calculating the Jones matrix J and PMD simulation matrix R with help of formula (2) The detailed offline DSP flow chart is illustrated in Fig. 5 . Firstly, the signals of each polarization are resampled to 2 samples/symbol for the processes of normalization, orthogonalization and CD compensation. After that, MIMO methods of either conventional CMA/MMA algorithms or the proposed joint scheme are separately used to make the performance comparisons. In order to achieve the trade-off between computational complexity and equalization effect, after the parameter optimizations of CMA/MMA, the filter taps, iteration number and step size of CMA are set 35, 5 and 5e-4 respectively for PDM-QPSK. For PDM-16 QAM, a CMA method with 15 taps is firstly used for pre-equalization, and then a MMA with 35 taps and step size of 1e − 5 is applied for postequalization. The iteration number of CMA and MMA for PDM-16 QAM is set 10 and 50 respectively. In addition, we exploit a fourth-power method for the frequency offset estimations of both modulation formats. The carrier phase recovery of PDM-QPSK and PDM-16 QAM are completed by ViterbiViterbi phase estimation (VVPE) and blind phase search (BPS) method, respectively. After symbol decision, Q-factors of both schemes are calculated based on 5 independently acquired 16,384 symbols using formula (11) , which exploits error vector magnitude (EVM) and bit error ratio (BER) to evaluate the performance [24] , [25] , [29] , [30] , [35] .
The EKF Parameters Optimization for the Joint Scheme
According to formula (9) and (10), we can find that the EKF parameters, such as the correlation matrix Q 1 , Q 2 and the error correlation matrix K seriously affect the final performance of the joint scheme. Generally speaking, Q 2 determines the convergence rate of the scheme, the larger it is, the slower that the convergence speed of the scheme becomes. K is proportional to the Kalman gain G. In the following calculations, the initialization value of each diagonal element of Q 2 and K are set to 300 and 0.1 respectively, in order to achieve a tradeoff between tracking speed and compensation performance. As one of the most important parameters, Q 1 indicates the noise level of the current experimental data. In general, it needs to be properly adjusted with modulation formats, SOP rotations and OSNR conditions to obtain the best performance. For the combination effects of SOP, first-order PMD and SOPMD, Fig. 6 depicts the measured relations among different values of the diagonal element of Q 1 with the final obtained Q-factors by the proposed scheme after polarization demultiplexing. In the subsequent contents, root-mean-square (RMS) DGD is used to represent the magnitude of the first-order PMD.
When OSNR is set 17 dB, RMS DGD and SOPMD are 3.39 ps and 105 ps 2 , respectively, Fig. 6 (a) depicts that when each diagonal element of Q 1 increases from 1e − 7 to 1e + 3, the final Q-factors firstly increase from 9.83 dB to a maximum of 18.65 dB and then decrease to 9.40 dB for 28 GBaud PDM-QPSK. The obtained final Q-factors are all higher than the 7% forward error correction (FEC) threshold value (8.53 dB) of PDM-QPSK. Accordingly, the optimum diagonal element of Q 1 is 1e − 2 for PDM-QPSK. From inset 1 to 3 of Fig. 6(a) , it is also clearly found that the constellation diagrams of PDM-QPSK are getting worse and worse after polarization demultiplexing. Similarly, when OSNR is set 23 dB, the optimum diagonal element of Q 1 is 1e − 9 for PDM-16 QAM, and the corresponding final best Q-factor achieves 20.22 dB, which is about 5 dB higher than the 7% FEC threshold value (15.20 dB) of PDM-16 QAM. Fig. 6(b) also shows that the constellation diagram of inset 2 is the best. Therefore, these optimum EKF parameters of Q 1 , Q 2 and K are applied in the following discussions to achieve the best equalization performances.
The SOP Tracking Performance of the Joint Scheme
Firstly, in the absence of PMD, we have investigated the SOP tracking performance using the joint scheme. For 28 GBaud PDM-QPSK and 10 GBaud PDM-16 QAM signals, four kinds of SOP rotations, which are 1.05 Mrad/s, 9.78 Mrad/s, 19.57 Mrad/s and 40.64 Mrad/s, are utilized to test the SOP tracking performance of the scheme. When OSNR increases from 14 dB to 20 dB, Fig.  7 (a) illustrates the comparison curves between the proposed joint scheme and CMA method. We can notice that both methods track the SOP rotation of 1.05 Mrad/s well, however the joint scheme obtains a higher Q-factor improvement than CMA by 2 to 5 dB. Additionally, CMA cannot trace the three additional SOP rotations. Nevertheless, the proposed scheme tracks up the SOP rotations of 9.78 Mrad/s, 19.57 Mrad/s and 40.64 Mrad/s well, and the achieved Q-factors increase from 9.67 dB to 20.34 dB, which are all above the 7% FEC threshold value of PDM-QPSK. In addition, Fig. 7(b) presents the Q-factor comparison curves as a function of polarization rotation angular frequency at OSNR of 17 dB. It can be found that the maximal SOP rotation that CMA tracks up is about 3.40 Mrad/s, however the joint scheme can track up SOP rotation as fast as 120.17 Mrad/s and the corresponding obtained Q-factor achieves 14.09 dB. So the proposed scheme has an SOP tracking ability of more than 35 times faster than that of CMA.
For 10 GBaud PDM-16 QAM, when OSNR varies from 18 dB to 26 dB, Fig. 7(c) shows the comparison results of SOP tracking between the joint scheme and CMA/MMA. We observe that CMA/MMA method only tracks the SOP rotation of 1.05 Mrad/s, whereas the joint scheme can track up these four kinds of SOP rotations and the resulting worst Q-factors (corresponding to 40.61 Mrad/s) increase from 16.22 dB to 19.15 dB, which are all above the 7% FEC threshold value of PDM-16 QAM. Furthermore, Fig. 7(d) illustrates the detailed SOP tracking ranges of both methods at OSNR of 23 dB. It can be noted that CMA/MMA only tracks a maximal SOP rotation of around 2.20 Mrad/s. In contrast, the joint scheme can track up SOP rotations as fast as 110.62 Mrad/s, which achieves more than 50 times of CMA/MMA.
The PMD Compensation Performance of the Joint Scheme
Next, we have further studied the first-order PMD and SOPMD compensation performances by the joint scheme in the absence of SOP rotations. At OSNR of 17 dB, Fig. 8(a) depicts the detailed compensation range of first-order PMD and SOPMD between CMA and the joint scheme for 28 GBaud PDM-QPSK. It is clearly found that CMA can compensate up to at least 35.71 ps (1.0 Ts) first-order PMD and 915 ps 2 SOPMD, where Ts denotes the symbol period of the signal. Nevertheless, the tolerance of first-order PMD and SOPMD that the joint scheme achieves are 28.57 ps (0.8 Ts) and 793 ps 2 , respectively. Similar conclusions of 10 GBaud PDM-16 QAM can be obtained from Fig.  8(b) . It shows that the maximal first-order PMD and SOPMD that the joint scheme can compensate simultaneously are 50 ps (0.5 Ts) and 4836 ps 2 , respectively. This range is smaller than that of CMA/MMA, which are 90 ps (0.9 Ts) and 8029 ps 2 , respectively. However, the superiorities of the joint scheme lie in the joint equalization of SOP and PMD, and a much lower calculation complexity than CMA and MMA, which would be discussed in the following sections. 
The Performance of Joint SOP Tracking and PMD Compensation Using the Proposed Scheme
As the main problem to be solved in this paper, we focus on the joint equalization of SOP and PMD. For 28 GBaud PDM-QPSK EON signals, when the first-order PMD and SOPMD are respectively set 10.96 ps (0.3 Ts) and 337 ps 2 , three kinds of SOP rotations, 1.00 Mrad/s, 10.00 Mrad/s and 20.02 Mrad/s, are exploited to validate the effectiveness. Fig. 9(a) presents that, when OSNR differs from 14 dB to 20 dB, CMA can only equalize the combination effects of 1.00 Mrad/s SOP, 10.96 ps (0.3 Ts) first-order PMD and 337 ps 2 SOPMD, and the corresponding Q-factors fluctuate around 16 dB. In contrast, the joint scheme achieves higher Q-factors from 18.20 dB to 21.57 dB for this case. The proposed scheme also gains good Pol-DeMUX effects on the two other cases, and obtains a growth of Q-factors from 12.37 dB to 19.02 dB, which are all above the 7% FEC threshold level of PDM-QPSK. When OSNR is fixed at 17 dB and the first-order PMD varies from 3.39 ps (0.1 Ts) to 35.17 ps (1.0 Ts), Fig. 9(b) shows the Q-factor curves versus three combinations of Fig. 9 (c) depicts that, when OSNR is larger than 18 dB, only the Q-factors of the combination of SOP 1.00 Mrad/s by CMA/MMA are above the 7% FEC threshold level, and CMA/MMA cannot equalize the two additional combinations. Oppositely, when OSNR increases from 18 dB to 26 dB, the obtained Q-factors using the joint scheme for these three cases are much higher than that of CMA/MMA, and are all above the 7% FEC threshold level. Besides this, when OSNR is fixed at 23 dB and SOP rotations are set 1.00 Mrad/s, 10.00 Mrad/s and 20.02 Mrad/s, Fig. 9(d) illustrates that, CMA/MMA can only cope with the combination of SOP 1.00 Mrad/s, and the maximal tolerable first-order PMD and SOPMD are 40 ps (0.4 Ts) and 3915 ps 2 , respectively. By contrast, the joint scheme obtains good equalization results on these three combinations, with the tolerance of first-order PMD and SOPMD achieving 50 ps (0.5 Ts) and 4836˜ps 2 , respectively.
The Analyses of Convergence Speed and Calculation Complexity
The Convergence Speed Analysis of the Joint Scheme:
Firstly, the convergence speed of the joint scheme has been analyzed. Take 10 GBaud PDM-16 QAM as example, when SOP rotation, first-order PMD and SOPMD are set 10.00 Mrad/s, 10 ps and 999 ps 2 at OSNR of 23 dB, respectively, Fig. 10(a) and (b) illustrate the convergence curves of the estimated parameters α 1 , δ 1 , ϕ 1 , α 2 , δ 2 and ϕ 2 by the joint scheme for the total 16384 symbols and first 200 symbols, respectively. As confirmed in Fig. 10(b) , the joint scheme achieves convergence after about 50 symbols, which equal to about 5 ns under a sample rate of 80 GS/s. Nevertheless, CMA/MMA cannot converge successfully in this case and the final obtained Q-factor is 14.61 dB, which is about 0.6 dB lower than the 7% FEC threshold level of PDM-16 QAM.
In theory, the convergence mechanism of the proposed scheme is quite different with that of CMA/MMA. Assuming that the total number of received symbols, the taps and iteration number of CMA/MMA are set N sym , Taps and N, respectively, CMA/MMA utilizes a sliding window with length of Taps to update the unknown coefficients of Finite Impulse Response (FIR) filter for the n-th symbol in the i-th iteration. The sliding window uses the symbols within the range of [n-(Taps + 1)/2, n + (Taps + 1)/2] to calculate the unknown FIR coefficients in each updating process. Accordingly, the minimum granularity of used symbols in convergence of CMA/MMA is Taps, and CMA/MMA needs to calculate a maximum of N * N sym * Taps symbols to achieve convergence.
By contrast, our proposed scheme takes full advantage of EKF. EKF can be seen as a least square estimate of the state of an approximate linear dynamic system derived from a stochastic state space model. It runs iteration calculations in form of symbol by symbol for the updating of unknown state vector. During each iteration, Kalman filter uses the previous (n-1)-th estimation results and the current input n-th symbol to calculate the unknown state vector. Besides that, Kalman Gain, which is equivalent to the step size of CMA/MMA, can be adjusted adaptively in order to modify the step size of the state vector during each updating process. Therefore, the proposed scheme utilizes a minimum granularity of one symbol and a maximum of N sym symbols in order to achieve convergence. So the convergence speed of the joint scheme is much faster than that of CMA/MMA. Similar conclusion can also be made for PDM-QPSK. 
The Calculation Complexity Analysis of the Joint Scheme:
Additionally, calculation complexity is another important factor to quantify the performance of the scheme. We have analyzed and compared the calculation complexities of the joint scheme with that of CMA/MMA. The calculations of both methods can be mainly classified into four categories: comparison, real and complex multiplications, real and complex additions, and look-up table (LUT) operations. Based on the idea of optimum implementations, a complex multiplication consists of four real multiplications and two real additions, a complex addition comprises two real additions, and an exponential calculation is made of two LUT operations. In the same way, a calculation of n × n real matrix multiplication contains n 3 real multiplications and (n − 1) · n 2 real additions. In order to measure the performance of the proposed scheme, all the complexities of complex operations are converted into the equivalent of real operations. The obtained comparison results of calculation complexity are shown in Table 1 , where tap 1 and tap 2 represent the taps of CMA and MMA, respectively.
According to Table 1 , for PDM-QPSK signals, tap 1 is set 35, which means that CMA needs 1252 real multiplications and 840 real additions, however the proposed joint scheme only needs 556 real multiplications, 363 real additions and 32 LUT operations for each symbol. For PDM-16 QAM format, tap 1 and tap 2 are set 15 and 35 respectively, so CMA/MMA method totally needs 1796 real multiplications, 1208 real additions and 3 comparisons, whereas the proposed joint scheme only needs 566 real multiplications,367 real additions and 32 LUT operations for each symbol. It should be noted that the complexity of LUT is much less than that of real multiplication or addition. As a result, although the modulation format becomes more complex from QPSK to 16 QAM, the calculation complexity of the joint scheme remains basically unchanged. We can also conclude that for each symbol, the calculation complexity of the proposed joint scheme is only about 44% of CMA and 31% of CMA/MMA for PDM-QPSK and PDM-16 QAM, respectively.
As confirmed above, the proposed joint scheme achieves convergence after about 50 symbols, therefore the proposed scheme needs around 27,800 real multiplications, 18,150 real additions and 1,600 LUTs to achieve convergence for PDM-QPSK, and 28,300 real multiplications, 18,350 real additions and 1,600 LUTs to converge for PDM-16 QAM in total. Its calculation complexity is much less than that of CMA and CMA/MMA.
Conclusion
In this paper, we have proposed a novel joint equalization scheme of SOP, first-order PMD and SOPMD for flexible receivers. It exploits a two-stage compensation matrix to perform the dynamic polarization demultiplexing in DSP process of flexible receivers. The effectiveness of the scheme has been experimentally verified by EON signals of both 28 GBaud PDM-QPSK and 10 GBaud PDM-16 QAM.
Firstly, EKF parameters of the proposed scheme need to be optimized to achieve a tradeoff between tracking speed and equalization performance. The proposed joint scheme can track up SOP rotations as fast as 120.17 Mrad/s for PDM-QPSK at OSNR of 17 dB and 110.62 Mrad/s for PDM-16 QAM at OSNR of 23 dB. Hence, our proposed scheme has a SOP tracking ability of more than 35 times and 50 times faster than that of CMA and CMA/MMA, respectively. In addition, the tolerance of first and second order PMD by this scheme is 28.57 ps (0. Finally, due to the advantages of two-stage compensator and excellent performance of EKF, the joint scheme gains a convergence speed of about 50 symbols (5 ns), which is much faster than that of CMA/MMA. Moreover, CMA/MMA with large number of taps are required to track fast SOP rotations and compensate first-order PMD and SOPMD partly, so the calculation complexities of each symbol by the joint scheme are only about 44% that of CMA for PDM-QPSK, and 31% of CMA/MMA for PDM-16 QAM. In principle, the proposed joint scheme is immune to frequency offset, phase noise and singularity problem. It can be easily extended to higher order QAM formats, such as PDM-32 QAM, PDM-64 QAM, etc. In conclusion, the proposed joint scheme can jointly equalize fast SOP rotations, first-order PMD and SOPMD simultaneously. Consequently, it is suitable to deal with the dynamic polarization demultiplexing of flexible receivers.
